The optical properties, structural properties and electronic properties of a new two-dimensional (2D) monolayer C 3 N under different strains are studied in this paper by using first-principles calculations. The applied strain includes in-layer biaxial strain and uniaxial strain. The monolayer C 3 N is composed of a number of hexagonal C rings with N atoms connecting them. It is a stable indirect band gap 2D semiconductor when the strain is 0%. It could maintain indirect semiconductive character under different biaxial and uniaxial strains from 3 ¼ À10% to 3 ¼ 10%. As for its optical properties, when the uniaxial strain is applied, the absorption and reflectivity along the armchair and zigzag directions exhibit an anisotropic property. However, an isotropic property is presented when the biaxial strain is applied.
Introduction
Two-dimensional materials have attracted many scientists' attention due to their novel properties which are different from those of their bulk counterparts. [1] [2] [3] [4] [5] As is well known, twodimensional materials have distinct electronic and structural properties, which can be used for novel nanoelectronic devices. 6, 7 For example, many researchers made use of the attractive electronic and carrier transition properties exhibited by graphene and applied it to transistors, supercapacitors, and gas sensor devices. [8] [9] [10] [11] However, there are only limited studies on graphene being used for the high-performance eld effect in transistors and logic circuits due to its lack of a band gap. 12, 13 In addition, 2D MoS 2 and some other transition metal dichalcogenide (TMD) compounds are treated as promising materials as they show a nite band gap and other intriguing electronic properties which differ from those of graphene. 7, [12] [13] [14] And these TMD materials were shown to be used as gas sensors. Nevertheless their carrier mobilities cannot compete with that of graphene and tend to be strongly affected by physical and chemical adsorbates. Recently, 2D black phosphorene has attracted increasing attention due to its high stability and carrier mobility, 6, 15 which makes 2D BP as a promising application for nanoelectronics and optoelectronics. 7, 16, 17 However, 2D BP shows a weakness in its structural stability. 19, 20 Consequently, it is very important to nd the novel two-dimensional layered nanostructures with moderate band gap and good structural stability.
Lately, scientists has synthesized 2D C 3 N by pyrolysing the hexaaminobenzene (HAB) trihydrochloride single crystals, and characterizing it through STM and STS. 18 In 2016, Ke et al. have successfully synthesized monolayer C 3 N. 11 Besides, the thermal stability of at high temperature monolayer C 3 N has been studied by rst-principle calculation. 19 Owing to its outstanding properties, 2D C 3 N is expected to be used for novel nanoelectronic devices. [21] [22] [23] [24] [25] 43 However, for the monolayer C 3 N, strain-tunable optical properties is not complete. For these reasons, we have developed a keen interest in the strain effect on optical and electronic properties of monolayer C 3 N.
In this study, the changing trends of strain engineering on optical properties, structural properties and electronic properties of a new two-dimensional (2D) monolayer C 3 N are calculated by using rst-principles calculations. The PBE method is used to calculate the electronic and optical properties, and the hybrid functional HSE06 method is used to further modify the band gap and optical absorption edge. The studied strain includes in-layer biaxial strain and uniaxial strain. We nd that the monolayer C 3 N presents a stable indirect band gap 2D semiconductor when the strain is 0%. In addition, monolayer C 3 N represent indirect semiconductive characters under different biaxial and uniaxial strain from 3 ¼ À10% to 3 ¼ 10%. The monolayer C 3 N can be treated as a series of hexagonal C rings with the connections of N atoms. Interestingly, as for the optical property, the absorption and reectivity properties along armchair and zigzag directions exhibit anisotropic property when we applied uniaxial strain. However, when we applied biaxial strain, the absorption and reectivity properties along armchair and zigzag directions show isotropic property. Moreover, uniaxial tensile strain and biaxial tensile strain could cause the high absorption coefficient of monolayer C 3 N in the deep ultraviolet region. Furthermore, we explored the structural properties and electronic properties when in-layer uniaxial strain and biaxial strain are applied respectively. This study implies that the strain engineering is effective tunable approaches to alter the electronic and optical properties of monolayer C 3 N. Namely we suggest that monolayer C 3 N could be suitable for the applications in optoelectronics and nanoelectronics.
Simulation details (method)
Our calculations were performed using the Vienna ab initio simulation package (VASP) [26] [27] [28] [29] with the projector augmented wave (PAW) pseudopotentials. 28, 29 We used the Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation (GGA) to treat the exchange-correlation energy of interacting electrons. 6, 7, 15 A plane-wave basis set was used to expand the wave functions up to a kinetic energy cutoff value of 650 eV. A monolayer structure of C 3 N is shown in Fig. 1 . To avoid the inter-layer interaction between layers and simulate period boundary conditions, a vacuum of about 30Å along the z direction was employed. In our study, we adopt 19 Â 19 Â 1 kpoint in the unit cell to calculate the electronic density of states. Other calculations such as band structure and optical properties took the Gamma central k-point grid 9 Â 9 Â 1 in the Brillouin zone in the 3 Â 3 Â 1 supercell. The POSCAR of unit cell C 3 N and 3 Â 3 Â 1 supercell C 3 N are put in the ESI. † We adopted. In order to guarantee the result accuracy, all structures were fully optimized with the force on each atom being less than 0.001 eVÅ À1 . Furthermore, in order to obtain a more accurate band gap and optical absorption edge, we used the screened hybrid functional method 30 in HSE06 level. And the k-grid mesh in the Brillouin zone of the unit cell is also 9 Â 9 Â 1.
Monolayer C 3 N belongs to the space group P6/mmm. The lattice parameter for it is a ¼ 4.86Å. The applied in-layer strain in our study is dened as 3% ¼ (a À a 0 )/a 0 , where a is the lattice constants of the strained structure and a 0 is the lattice constants of strain free structure. The strain within the suitable range from À10% compressive strain to 10% tensile strain was applied in either uniaxial or biaxial direction to explore its effects on the electronic and optical properties. Because the structure of C 3 N exhibits a high symmetry, the uniaxial strain along the a lattice vector direction could be regarded as equivalent to the uniaxial strain along the b lattice vector direction. So the uniaxial strain we adopted in this paper is the uniaxial strain along the direction of the lattice vector a. With each uniaxial or biaxial strain applied, the structure was fully relaxed.
When rst-principles calculations are used to measure optical properties, the results are varied when different methods are being used. Each method has its own advantages and disadvantages. 42 H-F based methods are the most efficient one among the three methods, but the spectrum higher energy peaks are missing. 42 TDDFT is less efficient compared with H-F based methods, and the spectrum can be obtained in both visible and ultraviolet region. 42 However, some of the low energy peaks in the spectrum region are missing. 42 As for perturbation theory method, it is not as efficient as the rst two methods mentioned above and requires more time and calculated resources. However, it could be more accurate in whole energy regions. 42 Therefore, in calculation of the optical properties in this paper, perturbation theory method was used based on VASP code. The relevant parameters such as reectivity R(u), refractive index N(u), absorption coefficient I(u) were obtained from the results of dynamical dielectric response functions 3(u). The computational formulas between 3(u) and the relevant optical parameters were as follows:
3 Results
Strain effect on the structural properties of monolayer C 3 N
To deeply study the uniaxial strain and biaxial strain effect on the optical properties and electronic properties of monolayer C 3 N, the structural properties of monolayer C 3 N must be rstly addressed. Fig. 1 exhibits the structure of monolayer C 3 N. Monolayer C 3 N belongs to the space group P6/mmm. The lattice parameters for it are a 0 ¼ b 0 ¼ 4.86Å. In this study, the structure of monolayer C 3 N we built is composed of a number of hexagonal C rings with N atomics connecting them, which is the same as the structure in the existing experiment of monolayer C 3 N. 37 Aer fully relaxed the monolayer structure of C 3 N, all atoms tend to be remain in one at sheet, just like graphene. The optimized structural parameters are list in Table 1 .
To conrm the stability of monolayer C 3 N, we examined the phonon spectra of monolayer C 3 N by using linear response method based on CASTEP package and found no imaginary phonon modes over the entire Brillouin zone (BZ) (Fig. 2) , indicating the structure of monolayer C 3 N is dynamically stable. This result consists well with the previous study. 41 Further more, the optimized values of lattice constant, total energy of system (E tot ), bond length between C and C (d C-C ), bond length between C and N (d C-N ) and the band gap (E gap ) of strain free monolayer C 3 N are given in Table 1 . Combined with Fig. 1 and Table 1 , we can see that the monolayer C 3 N exhibits high geometric symmetry along the directions of a lattice vector and b lattice vector.
We next turn to discuss the in-layer strain effect on the change of structural properties ( Fig. 3) . Firstly, the strain energy, which dened as the difference in the energy between the strained C 3 N and the strain free C 3 N, 47 of system increases with both increasing the compressive strain (from 0% to À10%) and tensile strain (from 0% to 10%). As we can see, the minimum strain energy is located at 3 ¼ 0%, that is to say, the most stable structure of monolayer C 3 N is the strain free structure. Secondly, the optimized lattice constant a and b of monolayer C 3 N increases linearly with altering the biaxial strain from 3 ¼ À10% to 3 ¼ 10%. And lattice constant a is equal to b throughout the process when altering the biaxial strain from 3 ¼ À10% to 3 ¼ 10%. However, when we applied uniaxial strain along a lattice vector, the optimized lattice constant a and b of monolayer C 3 N increases nonlinearly by altering the uniaxial strain from 3 ¼ À10% to 3 ¼ 10%. What's more, by changing the uniaxial strain, the change of lattice constant a is much larger than that of lattice constant b which indicated that monolayer C 3 N has anisotropic property when applying uniaxial strain. Thirdly, the bond length of monolayer C 3 N is increasing continuously with altering strain from À10% to 10%, however, when biaxial strain is applied, all C-C bond lengths are the same and all C-N bond lengths are the same. When uniaxial strain is applied, the lengths of C-C bond and C-N bond at different positions are different, and their variations are different. As we can see, the structural property of monolayer C 3 N reveals isotropy when biaxial strain is applied, and anisotropy when uniaxial strain is applied.
Strain effect on the electronic properties of monolayer C 3 N
In terms of electronic properties, rst of all, we explored the electronic properties of strain free monolayer C 3 N. The band structure and density of states of strain free monolayer C 3 N are calculated by PBE method. What's more, the HSE06 method is utilized to revise the band gap ( Fig. 4) . We can see that monolayer C 3 N exhibit semiconductivity with an indirect band gap which corresponding band gaps are 0.39 eV by using PBE method and 0.94 eV by using HSE06 method when the strain is 0%. The stable semiconductive character of C 3 N in our study has also been proved in the experiment. 37 Our results of the band gap are good agreement with the previous theoretical results. [32] [33] [34] [35] We compared the experimental and theoretical results of band gap as shown in Table 2 . The valence band maximum (VBM) of monolayer C 3 N is located at M point and the conduction band minimum (CBM) is located at G point when strain is 0% ( Fig. 4(a) and (b)). According to the analysis of the PDOS of strain free monolayer C 3 N, as showed in Fig. 4(c1) -(d3), the VBM and CBM are occupied by py orbital of both N and C atoms.
Furthermore, due to the carrier transport has close relationship with the properties of different frontier states, we next discuss the character of frontier states in strain free monolayer C 3 N. Fig. 5 (a) and (b) display the electron partial charge density of VBM mainly derives from C and N atoms. The partial charge density of CBM mainly induced by C atoms, while a small part comes from N atom. This result consists well with the result of the analysis of PDOS (Fig. 5 ).
Then we consider the changes of electronic properties of monolayer C 3 N by applying biaxial strain and uniaxial strain. Fig. 6 illustrates the calculated band gap of monolayer C 3 N as a function of biaxial strain applied (a) and uniaxial strain applied (b) by using PBE and HSE06 methods, respectively. With regard to this gure, the band gap of monolayer C 3 N basically keeps increasing with the either biaxial strain or uniaxial strain changes from À6% compressive strain to 10% tensile strain. The most striking distinction between the PBE method and the HSE06 method is that when the compressive strain is greater than À8%, the band gap becomes zero when the PBE method is used, while the band gap does not come to zero when the HSE06 method is used. The main reason for this difference is that the PBE method underestimates the band gap, while the HSE06 method could further revise the band gap. Based on the HSE06 calculation, monolayer C 3 N could maintain indirect semiconductive characters under different biaxial and uniaxial strain from 3 ¼ À10% to 3 ¼ 10%.
Above results reveal that monolayer C 3 N exhibits semiconductivity with an moderate indirect band gap, and it can maintain this semiconductor character when biaxial or uniaxial Table 1 Basic optimized properties of monolayer C 3 N, a 0 is the lattice constant, d C-C is the bond length of C and C, d C-N is the bond length of C and N Space group strain applied in the range from 3 ¼ À10% to 3 ¼ 10%. In addition the band gap of monolayer C 3 N could be tuned easily via strain and the changes of electronic properties of monolayer C 3 N by applying uniaxial strain and biaxial strain are different. All these results indicate that monolayer C 3 N should be suitable for the applications in nanoelectronics. Fig. 2 The phonon dispersion spectrum for monolayer C 3 N. 
Strain effect on the optical properties of monolayer C 3 N
Above calculations reveal that monolayer C 3 N shows high stability and suitable band gap, turning it into a promising optoelectronic application. In terms of the calculations of optical properties, we also use PBE method to study its optical properties, and the HSE06 method is used to further modify the absorption edge and reective coefficient. The primary task of optical calculation is solving the imaginary part and real part of the frequency dependent dielectric function 3(u).
In our calculation, the frequency dependent imaginary part of the dielectric function is dened as follow:
In this equation, c and v refer to conduction and valence band states respectively, and u ck is the cell periodic part of the wavefunctions at the k-point k. In addition, the real part of the dielectric function is obtained by the eqn (6) as follow. In eqn (6), index P denotes the principle value. 31 By computing the dielectric function, the absorption and reectivity spectra of monolayer C 3 N can be obtained by using eqn (1)- (5) .
Firstly, we consider the optical properties of strain free monolayer C 3 N. We can get similar results of optical properties by using both PBE and HSE06 methods. The main differences in the results between the two methods lie in the differences of optical absorption edges, static dielectric constants, reective coefficient and the peak value of each curve.
The results are as follows: rstly, we studied the optical absorption properties of monolayer C 3 N by analyzing the imaginary part of dielectric function diagram and the optical absorption coefficient spectra ( Fig. 7 and 8) . Results obtained by PBE method indicate the optical absorption edge of monolayer C 3 N is 0.7 eV and the rst absorption peak at 2.24 eV (Fig. 7) . When the HSE06 method was used, photons were absorbed by strain free monolayer C 3 N start to absorb photons nearly in 1.5 eV, and the rst absorption peak is around 3.1 eV (Fig. 8) .
What's more, the absorption spectrum shows that the main absorption region of strain free monolayer C 3 N includes basically all visible light areas (1.6-3.1 eV) by using both PBE method and HSE06 method. Secondly, we studied the optical reectivity properties of monolayer C 3 N by analyzing the real part of dielectric function diagram and the optical reectivity spectra ( Fig. 7 and 8) . The results exhibit the static dielectric constant and static reectivity of monolayer C 3 N are 2.96 and 0.07 by using PBE method ( Fig. 7 ) and 1.9 and 0.025 by using HSE06 method (Fig. 8 ). Our results reveal that strain free monolayer C 3 N display the same exciton effect along the armchair and zigzag directions which mean the optical absorption property of strain free monolayer C 3 N are isotropic along the armchair and zigzag directions.
When in-layer strain is applied, the variations of optical properties of monolayer C 3 N are as follows. Fig. 9 (c1) and 10(c1) show the effects of biaxial strain on the optical absorption properties of monolayer C 3 N obtained by PBE method and HSE06 method respectively. We can see that, rstly, the absorption edge almost remains unchanged when the biaxial strain alters from 3 ¼ À10% to 3 ¼ 10%. Secondly, the major characteristic peaks of optical absorption vary signicantly. Particularly, the rst absorption peak decreases when changing the biaxial strain from 3 ¼ 0% to 3 ¼ 10% and increases when changing the biaxial strain from 3 ¼ 0% to 3 ¼ À10%. The rst absorption peak exhibits a red-shi from 3 ¼ À10% to 3 ¼ 10%. What's more, when biaxial tensile strain is applied, a new absorption peak appears in the deep ultraviolet region near 12 eV. When altering the biaxial strain from 3 ¼ 0% to 3 ¼ 10%, this new peak increases and exhibits a red-shi. Thirdly, the variations of optical reectivity properties of monolayer C 3 N with changing the biaxial strain are analyzed from the optical reectivity coefficient spectras ( Fig. 9(c2) and 10(c2) ). The static reectivity of monolayer C 3 N shows a increasing trend from 3 ¼ 0% to 3 ¼ À10% and a decreasing trend from 3 ¼ 0% to 3 ¼ 10%. Fig. 9(a1) , (b1), 10 (a1) and (b1) show the effects of uniaxial strain on the optical absorption properties of monolayer C 3 N obtained by PBE method and HSE06 method respectively. We nd that, the absorption properties along armchair and zigzag directions exhibit anisotropic property when we applied uniaxial strain.
For armchair direction, rstly, the absorption edge almost remains unchanged when the uniaxial strain alters from 3 ¼ À10% to 3 ¼ 10%. Secondly, the rst absorption peak decreases when changing the biaxial strain from 3 ¼ 0% to 3 ¼ AE10%. The rst absorption peak exhibits a blue-shi from 3 ¼ 0% to 3 ¼ À10% and a red-shi from 3 ¼ 0% to 3 ¼ 10%. What's more, when uniaxial tensile strain is applied, a new absorption peak appears in the deep ultraviolet region near 12 eV. When altering the uniaxial strain from 3 ¼ 0% to 3 ¼ 10%, this new peak increases and exhibits a red-shi. Fig. 9 (a1) and 10(a1) Thirdly, the variations of optical reectivity properties of monolayer C 3 N with changing the uniaxial strain are analyzed from the optical reectivity coefficient spectras ( Fig. 9(a2) and 10(a2) ). The static reectivity of monolayer C 3 N shows a increasing trend from 3 ¼ 0% to 3 ¼ 10% and a decreasing trend from 3 ¼ 0% to 3 ¼ À10%.
For zigzag direction, rstly, the absorption edge almost remains unchanged when the biaxial strain alters from 3 ¼ À10% to 3 ¼ 10%. Secondly, the rst absorption peak decreases when changing the uniaxial strain from 3 ¼ 0% to 3 ¼ 10% and increases when changing the uniaxial strain from 3 ¼ 0% to 3 ¼ À10%. The rst absorption peak exhibits a red-shi from 3 ¼ À10% to 3 ¼ 10%. What's more, when uniaxial tensile strain is applied, a new absorption peak appears in the deep ultraviolet region near 12 eV. The value of this peak along zigzag direction is much lower than it along armchair direction, when altering the uniaxial strain from 3 ¼ 0% to 3 ¼ 10%, this new peak increases and exhibits a red-shi. When altering the uniaxial strain from 3 ¼ 0% to 3 ¼ À10%, this new peak decreases and exhibits a blue-shi ( Fig. 9(b1) and 10(b1) ). Thirdly, the variations of optical reectivity properties of monolayer C 3 N with changing the uniaxial strain are analyzed from the optical reectivity coefficient spectras ( Fig. 9(b2) and 10(b2) ). The static reectivity of monolayer C 3 N increases from 3 ¼ 0% to 3 ¼ À10% and decreases from 3 ¼ 0% to 3 ¼ 10%.
Above results indicates that the absorption and reectivity properties along armchair and zigzag directions exhibit anisotropic property when we applied uniaxial strain. However, when we applied biaxial strain, the absorption and reectivity properties along armchair and zigzag directions show isotropic property. Moreover, uniaxial tensile strain and biaxial tensile strain could cause the high absorption coefficient of monolayer C 3 N in the deep ultraviolet region.
Combined with the results of the structural property, we suggest that, when biaxial strain is applied, the isotropic structural property induced the isotropic optical property of monolayer C 3 N. However, when uniaxial strain is applied, the completely different response of C-C and C-N chemical bond in Fig. 9 Optical spectra of monolayer C 3 N by applying different uniaxial strain and biaxial strain obtained by PBE method. Panels (a1) and (b1) represent the optical absorption coefficient I of monolayer C 3 N along the armchair direction and zigzag direction when uniaxial strain applied, respectively. Panels (a2) and (b2) represent the optical reflectivity coefficient R of monolayer C 3 N along the zigzag direction when uniaxial strain applied, respectively. Panels (c1) and (c2) exhibit the variations of optical absorption coefficient I and optical reflectivity coefficient R of monolayer C 3 N when biaxial strain applied, respectively. different positions caused the anisotropic structural property which induced the anisotropic optical property of monolayer C 3 N.
We have calculated the electron density distribution in the corresponding energy range of the valence electron under different strains and made a gure of it based on the result (Fig. 11 ). From the calculated results, we found that when uniaxial tensile strain is applied, the appearance of the new absorption peak in the deep ultraviolet region near 12 eV when uniaxial tensile strain is applied is because of the electronic transitions between N p z orbitals to conductive band.
It can be seen that the optical properties of monolayer C 3 N are the same as those of two-dimensional materials such as black phosphene 45 and BC 3 , 44 which can be effectively tuned by the applied strain. However, the optical properties of these 2D monolayer materials have their own characteristics when the applied strain changes. For example, when the strain changes from compressive strain to tensile strain, the absorption edge of BC 3 displays a blue shi and the static reectivity coefficient decreases, while the absorption edge of black phosphene shows a red shi and the peak value of absorption coefficient decreases. Especially, 2D C 3 N exhibits a unique characteristic when tensile strain is applied. It produces an obvious absorption peak in the deep ultraviolet region.
In addition, the optical anisotropy of black phosphene has been studied experimentally by Wang et al. 46 The optical properties obtained from the Raman spectra and photoluminescence spectra in their work are in good agreement with rst-principles calculations. Their work not only provides experimental guidance for the practical synthesis of 2D Fig. 10 Optical spectra of monolayer C 3 N by applying different uniaxial strain and biaxial strain obtained by HSE06 method. Panels (a1) and (b1) represent the optical absorption coefficient I of monolayer C 3 N along the armchair direction and zigzag direction when uniaxial strain applied, respectively. Panels (a2) and (b2) represent the optical reflectivity coefficient R of monolayer C 3 N along the zigzag direction when uniaxial strain applied, respectively. Panels (c1) and (c2) exhibit the variations of optical absorption coefficient I and optical reflectivity coefficient R of monolayer C 3 N when biaxial strain applied, respectively. materials and the rational application of their optical properties but also proves the correctness of theoretical research for 2D materials. Encouraged by their work, we hope that monolayer C 3 N would be a promising candidate for the strain tunable optoelectronic materials in the future.
Conclusions
We have systematically presented a rst-principles investigation of the electronic and optical properties of a new twodimensional (2D) monolayer C 3 N under different strains. The PBE method is used to calculate the electronic and optical properties, and the hybrid functional HSE06 method is used to further modify the band gap and optical absorption edge. Based on the HSE06 calculation, monolayer C 3 N could maintain an indirect semiconductive character under different biaxial and uniaxial strain from 3 ¼ À10% to 3 ¼ 10%. In terms of the optical property, rst of all, we have found that both uniaxial tensile strain and biaxial tensile strain can lead to a high absorption coefficient of monolayer C 3 N in a deep UV region. Moreover, an anisotropic optical property is presented when uniaxial strain is applied, while an isotropic optical property is shown when we applied biaxial strain. Therefore, strain engineering can be an effective approach to change the electronic and optical properties of monolayer C 3 N. Based on our study, we believe that monolayer C 3 N is a promising candidate in the applications of optoelectronics and nanoelectronics.
